The roles of outer membrane permeability, ,B-lactamase stability, and inhibition of penicillin-binding proteins in the activity of new ,B-lactams against Enterobacter cloacae were reappraised by using several methodological improvements. Outer membrane permeability in intact cells was determined by using a high-pressure liquid chromatography (HPLC)-based technique that avoided certain possible artifacts of the traditional methods. V,,, values were calculated from the numbers of enzyme molecules produced per cell and from catalytic constant (Kcat) values, which were obtained with purified ,B-lactamase. Minimal periplasmic antibiotic concentrations needed to inhibit bacterial cell wall synthesis were estimated from the ZimmermannRosselet equation. All the ,B-lactams tested formed relatively stable complexes with purified P-lactamase. The antibiotics that exhibited low affinity for j-lactamase apparently needed higher periplasmic concentrations to inhibit cell wall synthesis, suggesting a possible correlation between the affinity of ,-lactamase and the affinity of penicillin-binding proteins for the new ,B-lactams. By using these estimates of outer membrane permeability, P-lactamase hydrolysis, and cell wall-inhibiting concentrations, MIC could be theoretically predicted to within 1 dilution for five ,B-lactams in three isogenic E. cloacae strains with differences in antibiotic susceptibility due to different porin or 13-lactamase contents.
1 dilution for five ,B-lactams in three isogenic E. cloacae strains with differences in antibiotic susceptibility due to different porin or 13-lactamase contents.
In recent years, several structurally modified compounds have been successively developed to improve the activity of P-lactam antibiotics. High affinity for the target enzymes, named penicillin-binding proteins (PBPs), and resistance to P-lactamase hydrolysis have been considered the most important factors contributing to the efficacy of these new ,B-lactams. For example, the expanded-spectrum cephalosporins were designed with these factors in mind. The addition of a methoximyl 5-aminothiazol moiety at the 7a position of the cephem ring considerably increased the f-lactamase stability of these compounds. Several authors were unable to detect any hydrolysis when expanded-spectrum cephalosporins were added to crude extracts of ,3-lactamases of common strains of the family Enterobacteriaceae (10, 27) . Nevertheless, cephalosporinase enzymes exhibited high affinity (low Kmn) for all of these cephalosporins (5, 16) .
On the basis of these findings, Then and Angehrn (28) and subsequently several other authors (10, 32) proposed the trapping model, that is, nonhydrolytic binding to P-lactamase, to explain the resistance to expanded-spectrum cephalosporins in P-lactamase-overproducing gram-negative strains. However, Vu and Nikaido (30) pointed out that according to their calculations, the number of ,B-lactamase molecules produced by resistant strains of Enterobacter cloacae was probably insufficient to trap the number of antibiotic molecules crossing the outer membrane. Livermore (15) then established that the use of conventional hydrolysis assays had led to misleading conclusions, since the ,-lactamase was subject to a 10,000-fold dilution during the preparation of crude enzyme extracts from cells. Re Two newer antibiotics, cefpirome and cefepime, have been classified as "fourth-generationi" cephalosporins because their potencies against members of the Enterobacteriaceae are higher than those of the earlier broad-spectrum cephalosporins. In addition, both antibiotics remained effective against 3-lactamase-overproducing gram-negative strains which were resistant to expanded-spectrum cephalosporins. Several reports (12, 13, 18, 22) ascribed this efficacy to high P-lactamase stability and low affinity for the enzyme.
In gram-negative bacterial cells, permeability also plays a key part in ,-lactam activity, since the ,-lactam molecules have to penetrate the outer membrane before they reach their targets at the surface of the bacterial inner membrane.
A recent study (16) of the resistance to ceftriaxone in E. cloacae demonstrated that the activity of the ,B-lactam antibiotic depends on the combined effects of P-lactamase and permeability limitations. More recently, Nikaido et al. (18) found that the rates of penetration through proteoliposomes reconstituted with porins from Escherichia coli and E. cloacae were higher for cefepime and cefpirome than for ceftazidime and cefotaxime. These authors argued that the differential rates would increase in cells because of the repulsive effect of fixed anions in the periplasm acting on the negatively charged expanded-spectrum cephalosporins but not on the dipolar ionic fourth-generation compounds. However, the exact contribution of outer membrane permeability to the activity of new 3-lactams could not be assessed in intact cells by using methods available at the time. Only readily hydrolyzed molecules could be assayed by the conventional method of Zimmermann and Rosselet (33) , and several possible artifacts could bias the results (1 ,-Lactamase studies. P-Lactamase was purified on a 3-aminophenyl boronic acid-modified Affigel 10 column (6).
The activity of crude extract or purified P-lactamase was assayed as described previously (16) . The number of ,3-lactamase molecules produced by one bacterial cell was calculated by comparing the activity of a crude extract obtained from cells with the activity of purified P-lactamase (16) . Hydrolysis of 13-lactams was determined at 25°C in 50 mM sodium phosphate buffer (pH 7.0) with 1.0 to 5.0 ,uM (depending on the stability of the substrate) purified ,-lactamase and at least a 100-fold excess of the ,-lactam compound.
For each antibiotic, spectrophotometric measurements of cephalosporin hydrolysis were performed at appropriate wavelengths (X, in nanometers) at which the difference between the molar extinction coefficients (As, millimolar centimeter-') of the hydrolyzed and nonhydrolyzed molecule was maximum, as follows: ceftriaxone, 255 Permeability studies with intact cells. The HPLC protocol for studying 1-lactam hydrolysis by intact E. cloacae cells has been-detailed elsewhere (1) . Outer membrane permeability coefficients (P) were calculated from the equation of Zimmermann and Rosselet (33) , which assumes that the rate of hydrolysis of 1-lactam by intact cells at equilibrium balances the rate of permeation into the cell; thus,
in whi'o V is the rate of hydrolysis by intact cells (as mea-t.tred directly by HPLC), P x A is equal to the C parameter of the Zimmermann-Rosselet equation (33), A is the area of te llfase per unit of weight (24) (18, 30) . The values of Vmax, which reflected the stability of enzyme-substrate complexes, were used to calculate the physiological efficiency of the enzyme according to the method of Pollock (23) . Because of their low affinity for P-lactamase, cefepime and cefpirome exhibited very low VmaxlKm ratio values. This ratio, termed physiological efficiency, reflected the capability of ,-lactamase to hydrolyze a given ,-lactam.
Outer membrane permeability studies. Outer membrane permeability parameters (P) were calculated by a novel HPLC procedure as described previously (1) and in Materials and Methods. In strain Rl, two groups of compounds demonstrating relatively rapid (cefpirome and cefepime) or slow (cefotaxime, ceftriaxone, and carumonam) uptake across the outer membrane were observed ( Fig. 1; Table 2 ).
No hydrolysis was detected for the majority of P-lactams with strain S intact cells under the experimental conditions, and thus, permeability could not be measured by the Zimmermann-Rosselet method (data not shown). All compounds exhibited 3 to 4.5 times less permeation in the porin-deficient strain R2. The ratios of the MICs for strains Rl and R2 were in good correlation with the inverse ratios of their permeability coefficients. This observation provided further evidence that our HPLC procedure allowed an accurate assessment of outer membrane permeability (1) .
The profiles of ,-lactam hydrolysis by intact E. cloacae 218 Ri cells (Fig. 1) showed that the antibiotics exhibiting higher outer membrane permeation were more rapidly hydrolyzed by intact cells. to 1-lactams in E. cloacae can result from either I-lactamase overproduction (14) or outer membrane permeability modifications (5). In addition, a combination of both of these mechanisms of resistance is also frequent, as reported for numerous antibiotic-resistant clinical isolates (16, 32) . However, the interplay between hydrolysis by P-lactamase and (Tables 1 and 3 ). This view is consistent with the striking similarities between two classes of enzymes (PBPs and P-lactamases). Both belong to the family of active-site serine proteases, and the comparison of the amino acid sequences of low-and high-molecular-weight PBPs and class A P-lactamases has suggested a common evolutionary origin for both enzymes (9) When we calculated the rate of P-lactamase hydrolysis of each compound at the concentration corresponding to the cell inhibitory concentration in the periplasm, V(Sj), differences between fourth-generation cephalosporins and the other molecules were far smaller than might be expected from the enormous differences in Km or the VmaxlKm ratio of these compounds (Table 3 ). These data suggest that the kinetic parameters describing the interaction between P-lactamase and new P-lactams are not by themselves sufficient to explain the differences in their antibacterial efficacy. However, it is clear that the much higher stability to P-lactamase hydrolysis is an important codeterminant of the antibacterial activities of new ,-lactams when comparing their activities with those of earlier compounds. 
where Cinh is the minimal periplasmic concentration needed to inhibit the PBPs, equivalent to Si in this study. The parameter TAI, which is one of the terms of equation 3, reflects the probability that a drug will reach its target considering its affinity for PBPs and the effects of both outer membrane permeation and ,-lactamase. According to equation 3, TAI is related to MIC by the following relationship:
Although TAI clearly is derived from the ZimmermannRosselet equation, Nikaido and Normark (19) pointed out its value in demonstrating the factors affecting the efficacy of ,-lactams in gram-negative bacteria. For example, the combination of high B-lactamase stability and excellent outer membrane permeability endows cefepime and cefpirome with TAI values 300-to 1,000-fold higher than those of other I3-lactams (Table 3) . However, the efficacies of these two antibiotics do not increase in the same proportion since their Si values are probably much higher than those for the other P-lactams. Our of Si values (Ipl in his paper) and outer membrane permeability varied significantly from ours. However, it should be noted that this method is considerably more complicated than ours and required more than three strains to achieve an acceptable level of accuracy. Indeed, Frere's estimates for strain 218, which were based only on extrapolated data from two variants (S and R1), were expected to be relatively imprecise.
Our results may also provide guidelines for designing efficient ,-lactams against gram-negative bacteria. Because 
